Xylan is a heterogeneous polysaccharide that has a backbone of -1,4-linked D-xylose. Xylanase (1,4--D-xylan xylanohydrolase; EC 3.2.1.8) catalyzes the hydrolysis of xylan to xylooligosaccharides and xylose. Alkaliphilic Bacillus sp. strain 41M-1 secretes a xylanase (xylanase J: XynJ) that has an alkaline pH optimum. 1, 2) XynJ is a multi-domain enzyme consisting of a glycoside hydrolase (GH) family 11 catalytic domain (CatD) and a xylan-binding domain (XBD) belonging to carbohydrate-binding module (CBM) family 36 (http://www.cazy.org/index.html). 3) To determine the role of XBD, an XBD-truncated XynJ derivative (ÁXBD) and a fusion protein (GST-XBD) of glutathione-S-transferase (GST) and the XBD were prepared. 3, 4) GST-XBD bound tightly to insoluble xylan, and ÁXBD showed far lower hydrolyzing activity toward insoluble xylan than full-length XynJ did. These results indicate that the XBD should bind to insoluble xylan and enhance the hydrolyzing activity of the adjacent CatD. Recently, the crystal structure of XynJ (PDB entry 2DCJ) was solved (Ihsanawati et al., manuscript in preparation).
In the crystal structure of XynJ, the XBD region has a -jelly-roll fold and contains two Ca 2þ on the side and top of the fold, referred to as Ca-1 and Ca-2 respectively. The structure of a CBM family 36 XBD (PpCBM36) of Paenibacillus polymyxa xylanase 43A in complex with xylotriose has been reported. 5) The XBD structure of XynJ was superimposed with that of PpCBM36 to construct a structural model of the XBD/xylotriose complex. Discovery Studio software (Accelrys Software, San Diego, CA) was used for structure modeling and viewing. In the model, it appeared that Ca-2 might interact with Tyr237, Asp313, Trp317, and Asp318 as well as with a xylose residue (Fig. 1A) . Tyr237, Asp313, Trp317, and Asp318 were conserved in PpCBM36, and corresponded to Tyr40, Asp116, Trp120, and Asp121 respectively. In the structure of PpCBM36, a solvent water molecule must also coordinate with Ca-2. In this study, mutational analysis of the XBD was performed to clarify the xylanbinding mechanism.
Expression plasmid pGEX-XBD encodes the wild-type GST-XBD. 4) Site-directed mutations were introduced into pGEX-XBD using a QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) to construct the expression plasmids encoding GST-XBD Y237A (GST-XBD mutant in which Tyr237 was replaced with Ala), GST-XBD D313A , GST-XBD W317A , and GST-XBD D318A . The oligonucleotide primers used were as follows: 5 0 -GGAGTTGCTTTAgcTGCAAATGGTGATAATGTaAGCTTTAATC-3 0 (small letters and underlining represent substituted bases and a restriction site created for confirmation of mutagenesis respectively) and its complementary sequence for the mutation Y237A; 5 0 -GCTCATTGTAACAGCTGcTGACGGtACc-TGGGATGCTTATTTAG-3 0 and its complementary sequence for D313A; 5 0 -GCTCATTGTAACAGCTGATGACGGtACcgcGGATGCTTATTTAG-3 0 and its complementary sequence for W317A; and 5 0 -GCTCATTGTAACAGCTGATGACGGtACcTGGGcTGCTTA-TTTAG-3 0 and its complementary sequence for D318A. The expression plasmids encoding the GST-XBD mutants were introduced into Escherichia coli strain BL21. The transformants were cultured at 37 C in Luria-Bertani broth containing 50 mg/mL of ampicillin. When the optical density at 660 nm of the culture reached about 0.6, 1 mM isopropyl--D-thiogalactopyranoside was added to induce gene expression. The transformants were further cultured at 37 C for 3 h, and were harvested by centrifugation at 7;000 Â g at 4 C for 10 min. The cells were suspended in PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4 ) y To whom correspondence should be addressed. Fax: +81-45-924-5837; E-mail: snakamur@bio.titech.ac.jp Abbreviations: GH, glycoside hydrolase; CBM, carbohydrate-binding module; XynJ, xylanase J; CatD, catalytic domain; XBD, xylan-binding domain; GST, glutathione-S-transferase; BSA, bovine serum albumin containing 1% Triton X-100, sonicated, and centrifuged at 12;000 Â g at 4 C for 10 min to prepare cell extracts. GST-XBD proteins were purified by affinity chromatography with a Glutathione Sepharose 4B (GE Healthcare, Buckinghamshire, UK) column, following the manufacturer's instructions. The purified GST-XBD proteins were dialyzed with 20 mM Tris-HCl buffer (pH 7.5). The purity of the protein was confirmed on SDS-polyacrylamide gel electrophoresis, 6) followed by staining with Coomassie Brilliant Blue R-250. The protein concentrations were determined by the Lowry method, 7) using a Bio-Rad DC Protein Assay Kit (Bio-Rad, Hercules, CA), with bovine serum albumin (BSA) as standard.
Insoluble xylan was prepared as follows: Twelve g of commercial oat-spelt xylan (Sigma, St. Louis, MO) was suspended in 180 mL of water. The suspension was brought to pH 10.5 with 1 M NaOH, and stirred gently at room temperature for 2 h. To readjust the pH, 1 M NaOH was added again, and the suspension was further stirred for 1 h. The insoluble fraction was collected by centrifugation at 6;000 Â g for 5 min, and was washed with water 3 times. The pellet was washed with ethanol, dried well, and ground with a mortar and pestle. The yield of insoluble xylan was about 90%. Insoluble xylan-binding assay was carried out at room temperature in microtubes containing 0.2 mM GST-XBD proteins, 1.0 mg/mL of insoluble xylan, and 1.0 mg/mL of BSA in 50 mM Tris-HCl buffer (pH 7.5). When necessary, 10 mM CaCl 2 was added to the tubes. The samples were vortex-mixed, incubated for 3 h to allow the system to equilibrate, and then centrifuged at 7;000 Â g at 4 C for 5 min. Residual GST activity in the supernatant was measured by the conventional method 8) using a GST Detection Module (GE Healthcare). A decrease in activity of the supernatant corresponds to the GST-XBD proteins bound to xylan.
In the XBD/xylotriose complex structure model, Ca-2 appeared to coordinate with the main chain carbonyls of Tyr237 and Trp317, the O1 oxygen of Asp313, and the O2 oxygen of Asp318, as well as the O2 and O3 hydroxyls of a xylose residue (Fig. 1B) . GST-XBD mutants, in which these residues were replaced with Ala, were prepared and applied to the insoluble xylanbinding assay. In the absence and the presence of CaCl 2 , GST-XBD D313A and GST-XBD D318A showed lower binding ratios than the wild-type GST-XBD (Fig. 2) . When Asp313 and Asp318 were replaced with Ala, the coordination bonds to Ca 2þ must be completely lost, and Ca 2þ must not be taken in anymore. In the absence of CaCl 2 , GST-XBD Y237A and GST-XBD W317A also showed lower binding ratios than the wild-type GST-XBD. On the other hand, in the presence of 10 mM CaCl 2 , the binding of these GST-XBD mutants increased. From the structure model, direct interactions between the side chains of Tyr237 or Trp317 and neighboring residues could not be identified. When Tyr237 and Trp317 were replaced with Ala, the main-chain structure might be slightly changed. This subtle change should A B GST-XBD mutants (0.2 mM) were incubated with insoluble oatspelt xylan (1.0 mg/mL) at room temperature at pH 7.5 for 3.0 h. Residual GST activity in the supernatant was measured. A decrease in activity of the supernatant corresponds to the GST-XBD proteins bound to xylan. The mean AE SD for triplicate experiments is shown. lead to decreases in Ca 2þ -incorporation and subsequent xylan-binding in the absence of CaCl 2 . Since the mainchain O atoms that coordinate with Ca 2þ were still present in GST-XBD Y237A and GST-XBD W317A , it was thought that Ca 2þ should be supplemented by adding an excess amount of CaCl 2 , and the xylan-binding of these GST-XBD mutants increased. Based on these results, it was concluded that Tyr237, Asp313, Trp317, and Asp318 were involved in Ca 2þ -dependent xylan-binding, and that Asp313 and Asp318 were especially important.
